
Metabolizable and Non-Metabolizable Sugars Activate
Different Signal Transduction Pathways in Tomato1

Alok K. Sinha, Markus G. Hofmann, Ulrike Römer, Walter Köckenberger, Lothar Elling,
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To gain insight into the regulatory mechanisms of sugar signaling in plants, the effect of derivatives of the transport sugar
sucrose (Suc), the Suc isomers palatinose and turanose, and the Suc analog fluoro-Suc were tested. Photo-autotrophic
suspension culture cells of tomato (Lycopersicon peruvianum) were used to study their effect on the regulation of marker genes
of source and sink metabolism, photosynthesis, and the activation of mitogen-activated protein kinases (MAPKs). Suc and
glucose (Glc) resulted in reverse regulation of source and sink metabolism. Whereas the mRNA level of extracellular
invertase (Lin6) was induced, the transcript level of small subunit of ribulose bisphosphate carboxylase (RbcS) was
repressed. In contrast, turanose, palatinose, and fluoro-Suc only rapidly induced Lin6 mRNA level, whereas the transcript
level of RbcS was not affected. The differential effect of the metabolizable and non-metabolizable sugars on RbcS mRNA
regulation was reflected by the fact that only Suc and Glc inhibited photosynthesis and chlorophyll fluorescence. The
activation of different signal transduction pathways by sugars was further supported by the analysis of the activation of
MAPKs. MAPK activity was found to be strongly activated by turanose, palatinose, and fluoro-Suc, but not by Suc and Glc.
To analyze the role of sugars in relation to pathogen perception, an elicitor preparation of Fusarium oxysporum lycopersici was
used. The strong activation of MAPKs and the fast and transient induction of Lin6 expresssion by the fungal elicitor
resembles the effect of turanose, palatinose, and fluoro-Suc and indicates that non-metabolizable sugars are sensed as
stress-related stimuli.

In recent years, sugars have been recognized as
important signal molecules that affect a variety of
physiological responses and in particular regulate
genes involved in photosynthesis, sink metabolism,
and defense response (Koch, 1996; Smeekens, 1998;
Roitsch, 1999; Sheen et al., 1999). Whereas the effect
of sugars on gene regulation is well established, the
nature of the sugar signal, and the molecular mech-
anisms involved in sugar perception and intracellu-
lar signal transmission, are largely unknown. Suc is
the major form of translocated carbon in higher
plants and was shown to regulate a number of
carbohydrate-responsive genes. Whereas in many
cases the effects of Suc could be mimicked by hex-
oses, such as Glc and Fru, a few studies demon-
strated the existence of Suc-specific regulatory path-
ways (Chiou and Bush, 1998; Rook et al., 1998). In
principle, a sugar signal could be generated by ex-
tracellular recognition via a soluble or membrane-

bound receptor molecule or by intracellular sensing
at different stages of sugar metabolism. For hexoses,
a dual role of hexokinase in sugar sensing and gly-
colysis has been proposed (Jang and Sheen, 1997;
Jang et al., 1997) that is a matter of a controversial
debate (Halford et al., 1999). Additional membrane-
based sensing systems have been implied both for
hexoses and Suc. Primary lines of evidence are the
finding that non-phosphorylatable Glc analogs can
mimic the effect of Glc on the regulation of specific
genes (Godt et al., 1995; Roitsch et al., 1995) and
transgenic studies with specific subcellular targeting
of a yeast (Saccharomyces cerevisiae) invertase (Her-
bers et al., 1996). Hexose transporters were shown to
function as membrane sugar sensors in yeast (Özcan
et al., 1998) and a dual function of plant sugar carri-
ers in transport and sensing of sugars has been pro-
posed (Lalonde et al., 1999). Additional sensing
mechanisms involving metabolism of sugars such as
glycolysis have also been suggested (Koch et al.,
2000). In summary, results obtained with various
experimental approaches and systems indicate the
existence of different sensory mechanism and paral-
lel sugar signaling pathways in higher plants (Jang et
al., 1997; Smeekens and Rook, 1997; Lalonde et al.,
1999).

To gain insight into disaccharide-specific signal
transduction pathways, derivates of the transport
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sugar Suc were used in the present study. Turanose
(3-O-�-d-glucopyranosyl-Fru) and palatinose (6-O-�-
d-glucopyranosyl-Fru) are structural isomers of Suc
composed of Glc and Fru with a different glycosidic
linkage. They are not synthesized in higher plants
and cannot be cleaved or transported by plant en-
zymes. Using these non-metabolizable Suc isomers,
evidence for extracellular sugar sensing has been
obtained in barley (Hordeum vulgare) and potato (So-
lanum tuberosum) tubers (Loreti et al., 2000; Fernie et
al., 2001).

A Suc analog that is not cleaved by invertase is
1�deoxy-1�fluro-Suc (1-deoxy-1-fluorofructofurano-
syl�-d-glucopyranosid, fluoro-Suc). Because this
sugar analog is not commercially available, it was
synthesized by an optimized protocol. Here, we re-
port a highly effective synthesis of fluoro-Suc with a
recombinant Suc synthase 1 from potato to address
the possible signaling function of this Suc analog.

Acitvation of mitogen-activated protein kinases
(MAPKs) was shown to be involved in the stress-
induced signal transduction pathways (Zhang and
Klessig, 1998; Zhang et al., 1998). Thus, we also stud-
ied the activation of MAPK by different Suc analogs.
Pathogen infection is known to affect source/sink
relations and different lines of experimental evidence
suggest a role of sugars in plant defense responses
(Herbers et al., 1996; Ehness et al., 1997).

Photo-autotrophic cultures proved to be useful to
study various aspects of sugar regulation (Krapp and
Stitt, 1994; Roitsch et al., 1995; Godt and Roitsch,
1997). Sugar responses may be analyzed without the
necessity of a sugar depletion period required for
heterotrophic cultures and signal transduction events
may be related to photosynthetic gene expression or
photosynthetic activity as well as source/sink regu-
lations. Using photo-autotrophic suspension culture
cells of Chenopodium rubrum, it has been shown that
source/sink relations and defense mechanisms are
coordinately regulated both by sugars and stress-
related stimuli (Ehness et al., 1997).

A photo-autotrophic culture of the model plant
species tomato (Lycopersicon peruvianum; Beimen et
al., 1992) was used in the present study to test the
effect of Suc, Glc, and the non-metabolizable Suc
derivatives turanose, palatinose, and fluoro-Suc on
different cellular responses. The results were com-
pared with the effect of an elicitor preparation of the
tomato pathogen Fusarium oxysporum lycopersici. Ex-
tracellular invertase is the key enzyme for phloem
unloading via an apoplastic pathway and was used
as a representative marker gene for sink metabolism
(Sturm, 1999; Roitsch et al., 2000). The analysis of the
regulation of the mRNA for the small subunit of the
Calvin cycle enzyme ribulose bisphosphate carboxy-
lase (RbcS) was complemented by the measurement
of the rate of photosynthetic oxygen evolution and
chlorophyll fluorescence. The present study demon-
strates that metabolizable and non-metabolizable

sugars activate different signal transduction path-
ways. They were shown to differentially affect pho-
tosynthesis as well as MAPK activation. In contrast to
Suc and Glc, the Suc derivatives had no effect on
RbcS expression and photosynthesis but resulted in
strong MAPK activation. The fact that the non-
metabolizable sugars, like the fungal elicitor, activate
MAPKs and results in a fast induction of Lin6 expres-
sion indicates that they are sensed as stress-related
stimuli rather than extracellular carbohydrate
signals.

RESULTS

Inverse Regulation of mRNAs for Extracellular
Invertases Lin6 and RbcS by Suc and Glc

The time course of the regulation of mRNAs for the
sink-specific extracellular invertase Lin6 and the pho-
tosynthetic marker gene RbcS by metabolizable sug-
ars was analyzed by the addition of 50 mm Glc or Suc
to autotrophically growing tomato cell cultures. Sam-
ples were taken before the addition of the sugars, and
after 1, 4, 9, 24, and 48 h, mRNA levels were deter-
mined by RNA gel-blot analysis.

The low level of mRNA for extracellular invertase
Lin6 was already elevated after 1 h in response to
both Glc and Suc, further increased up to 24 h, and
then declined (Fig. 1A). In contrast, the mRNA level
of the photosynthetic protein was inversely regu-
lated. The high steady state of RbcS mRNA was
repressed already after 4 h by both sugars and fur-
ther declined up to 48 h. Addition of 50 mm mannitol
to the cultures as an osmotic control did not resulted
either in the induction of LIN6 or repression of RbcS
transcript level (data not shown).

Differential Uptake of Hexoses, Suc, and the Suc
Isomers Turanose and Palatinose by Tomato
Suspension Culture Cells

It has been shown previously that the Suc isomers
turanose and palatinose are neither recognized nor
transported by Suc transporters of soybean (Glycine
max) cotyledons and broad bean (Vicia faba) leaves
(M’Batchi and Delrot, 1988; Li et al., 1994). To rule
out a possible uptake of these two Suc derivatives by
the tomato suspension cultures used for the experi-
ments, 50 mm of these sugars was added to the
suspension culture cells and the concentration of the
two Suc isomers in the culture supernatant were
determined during a 48-h incubation period. Figure
2A demonstrates that the extracellular concentration
of palatinose and turanose did not change even after
a prolonged incubation time of 48 h compared with
the initial concentration determined. No Glc could be
detected during the course of the experiment. These
results demonstrate that the two Suc isomers are
neither cleaved nor taken up by the tomato suspen-
sion culture cells. In comparison, control incubations
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with 50 mm Glc or Suc demonstrate a fast decrease of
the concentrations of these sugars in the culture su-
pernatant. Figure 2A shows that the Glc concentra-
tion starts to decrease after 1 h and further declines to
11 mm after 48 h. The concentration of Suc gradually
declines to 0.3 mm at 48 h (Fig. 2B). Determination of
the Suc cleavage products revealed a differential ac-
cumulation of Glc and Fru. Glc can be detected only
after 24 h and the peak concentration of 12.7 mm at
24 h decreases to 9.4 mm at 48 h. In contrast, Fru

starts to accumulate after 1 h, which further increases
up to 29 mm at 48 h.

Suc Isomers Differentially Affect the mRNAs for
Extracellular Invertases Lin6 and RbcS

The time course of the regulation of mRNAs for the
sink-specific extracellular invertase Lin6 and the pho-
tosynthetic marker gene RbcS by metabolizable sug-
ars was analyzed by the addition of 50 mm turanose
and palatinose to autotrophically growing tomato
cell cultures. Samples were taken before the addition
of the sugars and after 1, 4, 9, 24, and 48 h, and
mRNA levels were determined by RNA gel-blot
analysis.

A fast and strong induction of the Lin6 gene could
be observed in response to both Suc isomers. The low
level of mRNA for Lin6 was highly induced already
after 1 h and the elevated level declined after 24 h

Figure 2. Time course of changes in external sugar concentrations.
Suspension cultures cells were treated with 50 mM of the indicated
sugars and the remaining concentration in the culture supernatant
was determined at the given time points. A, Suspension cultures were
treated with Glc (E), palatinose (Œ), or turanose (‚). B, Suspension
cultures were treated with Suc and the concentration of Suc (F), Glc
(E), and Fru (�) in the same supernatant were determined. The data
represent the mean values of six independent measurements.

Figure 1. Differential effect of metabolizable sugars, Suc isomers,
and an elicitor preparation of F. oxysporum lycopersici (E-FOL) on
mRNA regulation and photosynthetic parameters. A, Regulation of
mRNAs for extracellular invertase Lin6 and RbcS. Thirty micrograms
of total RNA was separated on formaldehyde agarose gels, blotted
onto nitrocellulose, and probed with random primer labeled cDNA
fragments. Equal loading of RNA was confirmed by ethidium bro-
mide staining of the rRNA (data not shown). The data presented are
representative of five independent sets of experiments. B, Regulation
of the rate of oxygen evolution (F) and effective photochemical yield
Y (E). The data represent the mean values of five independent
experiments.
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(Fig. 1A). In contrast, neither turanose nor palatinose
had an effect on the high RbcS mRNA level through-
out the 48-h experiment. Thus addition of the two
non-metabolizable Suc isomers turanose and palati-
nose results in a differential effect on the source- and
sink-specific marker enzymes tested.

The Differential Effect of Glc, Suc, and Suc Isomers on
RbcS mRNA Is Reflected by the Rate of Photosynthetic
Oxygen Evolution and Chlorophyll Fluorescence

In further experiments, it has been addressed
whether the differential effect of the metabolizable
and non-metabolizable sugars on the mRNA level of
the photosynthetic gene RbcS is reflected by physio-
logical parameters.

The rates of oxygen evolution were measured with
the help of a liquid phase oxygen electrode. Glc
treatment results in an immediate decrease of the rate
of oxygen evolution, which further declines up to
48 h (Fig. 1B). Suc treatment also resulted in a pro-
nounced reduction of the rate of oxygen evolution
although with a different time course. An initial lag
phase of 4 h was followed by a constant decline to
result in a final reduction to values comparable with
the Glc-treated cultures. In contrast, the non-
metabolizable Suc analogs palatinose and turanose
did not reduce the rate of oxygen evolution through-
out the experiment.

To analyze whether the photosynthetic apparatus
is also differentially affected by the metabolizable
sugars and the Suc analogs, chlorophyll fluorescence
measurements were carried out with a PAM 2000
portable fluorometer as described in “Materials and
Methods.” The Fv/Fm values, reflecting the maximal
photochemical quantum efficiency of PSII reaction
centers of dark-adapted samples, remained un-
changed by all the treatments (data not shown). Pho-
tochemical yield Y, an indicator of effective photo-
chemical quantum efficiency of illuminated sample,
was differentially affected by the metabolizable and
non-metabolizable sugars. Glc and Suc resulted in a
constant decline of the photochemical yield Y with
comparable low values after 48 h (Fig. 1B). In con-
trast, the photochemical yield remained unchanged
in turanose- and palatinose-treated cultures.

Fast, Transient, and Inverse Regulation of mRNAs for
Extracellular Invertase Lin6 and RbcS by an Elicitor
Preparation of F. oxysporum lycopersici

Using photo-autotrophic cultures of C. rubrum, it
has been shown that during a short incubation time
of 6 h, the mRNA for an extracellular invertase and
RbcS are coordinately regulated both by Glc and the
fungal elicitor chitosan (Ehness et al., 1997). These
findings were reevaluated and extended in the
present study by comparing the effect of sugars with
a fungal elicitor on the autotrophic tomato suspen-

sion culture over a 48-h period. F. oxysporum lycoper-
sici is a wilt-inducing pathogenic fungus specific for
tomato (Armstrong and Armstrong, 1981). An elicitor
preparation of this fungus (E-FOL), shown to elicit
secondary metabolite production in the photo-
autotrophic tomato suspension culture line used for
the experiments (Beimen et al., 1992), was used to
address the regulation of Lin6 and RbcS in response
to this stress-related stimulus.

Treatment of the tomato suspension culture with
150 �g mL�1 E-FOL resulted in fast and transient
effects on the levels of mRNAs for Lin6 and RbcS
(Fig. 1A). After 1 and 4 h, the Lin6 mRNA was highly
induced, then declined to a low level again. The
transient effect on RbcS mRNA showed a similar
time course. The high level of mRNA for RbcS was
most strongly repressed at 4 h and then increased
again to the normal level.

E-FOL treatment resulted in a fast and pronounced
decrease of the rate of oxygen evolution after 1 h that
recovered after 24 h, although values were still re-
duced compared with the control cultures (Fig. 1B).
In contrast to the oxygen production, photochemical
yield Y was not affected in the cultures treated with
E-FOL (Fig. 1B).

MAPK Activity Is Induced Only by
Non-Metabolizabable Sugars and an Elicitor
Preparation of F. oxysporum lycopersici, But Not by
Metabolizable Sugars

MAPKs play a key role in signal transduction cas-
cades of animals and yeast. They are rapidly and
transiently activated and characterized by phosphor-
ylating the model substrate myelin basic protein
(MBP) in an in-gel assay. There is also accumulating
evidence for the importance of MAPKs in the trans-
duction of various, in particular stress-related, stim-
uli in higher plants. Therefore, we have compared the
effect of Suc, Glc, and the Suc derivatives with the
effect of the fungal elicitor E-FOL on MAPK
activation.

Tomato suspension culture cells were treated with
the different stimuli for 5 min and crude extracts
were analyzed for MAPK activity by in-gel kinase
assays with the model substrate MBP. The dose re-
sponse shown in Figure 3 demonstrates that concen-
trations of up to 100 mm of either Glc or Suc had no
effect on MAPK. Only a concentration of 200 mm of
the two metabolizable sugars resulted in a weak
MAPK activity. Control incubations demonstrate that
mannitol also resulted in weak MAPK activation at a
concentration of 200 mm. This finding indicates that
the weak MAPK activation by 200 mm Glc and Suc
represents an osmotic effect rather than a specific
effect of the two sugars applied. In contrast to the
two metabolizable sugars, both palatinose and
turanose resulted in strong MAPK activation. The
dose response shown in Figure 3 demonstrates that
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concentrations of 25 mm of both Suc isomers were
sufficient to result in MAPK activation that further
increases at concentration of up to 100 mm (Fig. 3A).
The elicitor preparation E-FOL also strongly acti-
vated MAPK, even at the lowest concentration of 0.1
�g mL�1 tested (Fig. 3B). The observed differential
effect of metabolizable and non-metabolizable sugars
on MAPK activation further supports the activation
of different signal transduction pathways.

Synthesis of the Suc Analog Fluoro-Suc

In further experiments, the question has been ad-
dressed whether the differential effects of the Suc
isomers and Suc and Glc are related to the fact that
turanose and palatinose are not transported. Fluoro-
Suc was used as a Suc analog that is not subject to
invertase hydrolysis, only slowly metabolized (Hitz
et al., 1985) but efficiently transported into plant cells
(Thom and Maretzki, 1992). We found that 80% to
85% of fluro-Suc was taken up by the cell culture
within 6 h of incubation.

Because fluoro-Suc is not commercially available, it
was synthesized by an optimized procedure. Card
and Hitz (1984) previously synthesized fluoro-Suc by
using a Suc synthase from barley seeds with an over-
all yield of 59% (507 mg). In the present paper, we
could improve the synthesis with reference to the
enzyme productivity by repetitive use of recombi-
nant Suc synthase and alkaline phosphatase (Fig. 4).
The synthesis yield after three batches was 100% with
reference to the acceptor substrate. After purification,
an overall yield of 85% (860.5 mg) for fluoro-Suc was
obtained. The analysis by NMR confirmed the struc-
tural integrity of the product as described previously
(Card and Hitz, 1984).

The Suc Analog Fluoro-Suc Differentially Affects the
Regulation of mRNAs for Extracellular Invertases
Lin6 and RbcS and Activates MAPKs

Because of the limited amount of fluoro-Suc avail-
able, the regulation of the mRNAs for the marker
enzymes Lin6 and RbcS was analyzed only at one
time point, 6 h after the addition of the Suc analog.
Figure 5A shows that 20 mm fluoro-Suc strongly
induces Lin6 mRNA, whereas the level of the RbcS
mRNA was not affected. Thus, fluoro-Suc, like the
Suc isomers, specifically affects only the expression
of the sink-specfic extracellular invertase in contrast
to the metabolizable sugars that also repress RbcS
mRNA level.

To further substantiate the similar effect of fluoro-
Suc and the Suc isomers, MAPK activation was
tested. The in-gel assay shown in Figure 5B demon-
strates that addition of 20 mm fluoro-Suc for 5 min
also results in strong MAPK activation, whereas Suc
was inactive. Thus, the ability of fluoro-Suc to acti-
vate MAPK activity also resembles the effect of
turanose and palationse shown above.

Control experiments were carried out to rule out
intracellular cleavage of fluoro-Suc by Suc synthase.
Crude extracts of fluoro-Suc-treated cells were ana-
lyzed by 19F-NMR. The 19F-NMR spectra revealed
that fluoro-Suc was taken up by the tomato suspen-
sion culture cells, but that this Suc analog has not

Figure 3. Differential effect of metabolizable sugars, Suc isomers,
and an elicitor preparation of F. oxysporum lycopersici (E-FOL) on
activation of MAPK. Cells were harvested exactly after 5 min after the
addition of stimuli. A, Study of activation of MAPK by different
sugars. Mannitol was taken as osmotic control for the different con-
centrations of sugars used. B, Activation of MAPK by different
amount of E-FOL. The data presented in A and B are representative
of five independent sets of experiments.

Figure 4. Enzymatic synthesis of 1�-deoxy-1�-fluoro-Suc with a re-
combinant Suc synthase (SuSy) from potato and alkaline phosphatase
(AP).
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undergone any change in structure under the exper-
imental conditions used (data not shown).

DISCUSSION

Although sugar-mediated signal transduction
pathways have been recognized to be important to
regulate a variety of physiological responses, the
analysis in particular of the effect of the transport
sugar Suc is complicated by the fact that it is readily
cleaved by extracellular invertase. To circumvent this
problem, the non-metabolizable Suc derivatives
turanose and palatinose have been used to address
disaccharide-specific signaling (Loreti et al., 2000;
Fernie et al., 2001). The present study demonstrates
that metabolizable sugars and non-metabolizable Suc
derivatives activate distinctly different signal trans-
duction pathways in photo-autotrophic tomato sus-
pension culture cells. The data indicate that different
disaccharide-specific pathways exist and that non-
metabolizable Suc derivatives are sensed as stress-
related stimuli.

Photo-autotrophic suspension culture cells of the
model plant species tomato and Suc derivatives were
used to get further insight in the mechanisms that
mediate sugar recognition and signal transduction.
Turanose and palatinose are isomers of Suc that dif-
fer in their glycosydic linkage between Glc and Fru.
These two Suc isomers were shown to be neither
cleaved nor taken up by the tomato suspension cul-
ture cells used. These data support previous findings
that turanose and palatinose are not recognized or

transported by Suc transporter (M’Batchi et al., 1984;
M’Batchi and Delrot, 1988; Li et al., 1994). Fernie et al.
(2001) also recently showed very poor absorption of
palatinose by slices of potato tubers. The analysis
was further complemented by the use of fluoro-Suc,
a Suc derivative that is not subject to invertase hy-
drolysis but efficiently transported into plant cells
(Thom and Maretzki, 1992). It was synthesized by
optimizing the protocol of Kragl et al. (1993) using a
recombinant Suc synthase. The results obtained with
metabolizable sugars (Glc and Suc) and non-
metabolizable sugars (turanose, palatinose, and
fluro-Suc) were compared with the effect of an elici-
tor preparation of the tomato pathogenic fungus F.
oxysporum lycopersici (E-FOL) as a specific and phys-
iological stress-related stimulus.

Metabolizable Sugars and Non-Metabolizable Suc
Derivatives Result in Differential Gene Regulation

In the present study, the regulation of mRNAs for
extracellular invertase Lin6 and RbcS, chosen as rep-
resentative marker enzymes for sink and source me-
tabolism, have been analyzed over a 48-h incubation
time. The metabolizable sugars Glc and Suc induce
the expression of Lin6, whereas RbcS was repressed.
This finding confirms results obtained with various
experimental systems involving both monocotyle-
donous and dicotyledonous species showing that
metabolizable sugars in general seem to repress pho-
tosynthetic genes, whereas sink-specific enzymes are
induced (Ehness et al., 1997; Roitsch, 1999; Sheen et
al., 1999; Pego et al., 2000). Whereas turanose and
palatinose resulted in a strong, fast, and transient
induction of extracellular invertase Lin6, the level of
RbcS mRNA was not affected. Likewise, the Suc an-
alog fluro-Suc, tested only with an incubation time of
6 h because of the limited amount available, also
showed a fast induction of Lin6 transcript level,
whereas RbcS transcript level was not affected. Pal-
atinose was also shown to stimulate Suc degradation
in discs of growing potato tubers (Fernie et al., 2001).
The differential effect of the metabolizable sugars
and the non-metabolizable Suc isomers on RbcS ex-
pression indicate that they activate distinctly differ-
ent signal transduction pathways. The fungal elicitor
E-FOL resulted in fast and transient repression of
RbcS and induction of Lin6 mRNA. Induction of Lin6
pathway seems to be activated by all the stimuli
tested, although at different time courses. The Suc
derivatives and stress stimuli resulted in faster acti-
vation than the metabolizable sugars. In addition, the
effect of the Suc isomers was transient like the elici-
tor, although it was not consumed like Suc.

The differential effect of the metabolizable sugars
and the Suc isomers on RbcS expression is substan-
tiated by the analysis of two physiological photosyn-
thetic parameters. The correlation between the regu-
lation of RbcS mRNA, the rate of oxygen evolution,

Figure 5. A, Regulation of mRNAs of extracellular invertase Lin6 and
RbcS by fluoro-Suc and Suc. Suspension culture cells were treated
with 20 mM fluoro-Suc and 50 mM Suc for 6 h. Thirty micrograms of
total RNA was separated on formaldehyde agarose gels, blotted onto
nitrocellulose, and probed with random primer-labeled cDNA frag-
ments of extracellular invertase Lin6 or RbcS. Equal loading of RNA
was confirmed by ethidium bromide staining of the rRNA (data not
shown). B, Activation of MAPK by fluoro-Suc and Suc. The cell
cultures were incubated with 20 mM fluoro-Suc and 50 mM Suc and
harvested exactly after 5 min for the MAPK assay. The data presented
in A and B are representative of three independent sets of experiments.
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and the photochemical yield Y supports the use of
RbcS mRNA as an appropriate marker for photosyn-
thesis. The regulation of RbcS mRNA by E-FOL is
also reflected by a transient decrease of the rate of
oxygen evolution, whereas photochemical yield Y is
not affected.

Metabolizable Sugars and Non-Metabolizable Suc
Derivatives Results in Differential MAPK Activation

The differential effects of sugar analogs and metab-
olizable sugars were further substantiated by the
study of activation of MAPK, which is an important
enzyme in a number of signal transduction cascades.
MAPKs have been reported to be activated by several
stresses in plants such as elicitors (Zhang et al., 1998),
wounding (Stratmann and Ryan, 1997), cold and
drought stress (Jonak et al., 1996), salinity (Munnik et
al., 1999), and endogenous signals (Zhang and Klessig,
1997). In the present studies from the suspension cell
cultures of tomato, MAPK was found to activated not
only by the fungal elicitor E-FOL, but also by the sugar
analogs, turanose, palatinose, and fluoro-Suc. In con-
trast, Suc and Glc did not result in MAPK activation at
the corresponding concentrations. These results sug-
gest that the perception of non-metabolizable Suc
analogs and metabolizable sugars and transduction
of the corresponding signals follow different
pathways.

Implications for the Analysis of Sugar Signal
Transduction Pathways

The finding that the metabolizable sugars and the
different non-metabolizable Suc derivatives tested,
turanose, palationose, and fluoro-Suc, activate dis-
tinctly different signal transduction pathways further
supports the complexity and importance of
carbohydrate-mediated signal transduction in higher
plants.

The differential effect of the non-metabolizable Suc
isomers and Suc on a very fast signal transduction
event, the activation of MAPK, indicates the exis-
tence of distinctly different disaccharide specific
pathways. Within the very short incubation time of 5
min, cleavage of Suc by extracellular invertase can be
neglected. Thus, the observed difference between Suc
and the non-metabolizable Suc may not be because of
conversion of Suc into the hexose monomers. Using
the Suc isomers turanose and palatinose, Loreti et al.
(2000) also have demonstrated that both Glc and
disaccharide-sensing mechanisms modulate the ex-
pression of �-amylase mRNA in barley embryos. Be-
cause effects on gene regulation have been analyzed,
incubation times of at least several hours were re-
quired. The resulting Suc/Glc interconversion ruled
out the comparison between the effect of Suc and the
Suc isomers.

The finding that neither turanose nor palatinose is
transported supports an extracellular recognition of
these carbohydrate signals, which has been sug-
gested before (Loreti et al., 2000; Fernie et al., 2001).
Because the transportable fluoro-Suc elicited the
same responses as turanose and palatinose, the cor-
responding effects are independent of the lack of a
transport system. Both with respect to the time
course of Lin6 mRNA induction and MAPK, the ef-
fect of the non-metabolizable Suc derivatives resem-
ble the effect of the fungal elicitor E-FOL. These
observations indicate that these Suc derivatives that
are not naturally occurring in plants are sensed as
stress signals rather than metabolic signals. The
physiological significance of this assumption is sup-
ported by the fact that phytopathogens such as spe-
cific strains of Erwinia spp. are able to transform Suc
into palatinose (Huang et al., 1998). By this mecha-
nism, Suc is retrieved from the plants and converted
to a form unavailable for the plant metabolism. Thus,
the presence of unusual Suc derivatives may be sig-
nals for the presence of a pathogen. Therefore, these
sugar analogs may not be appropriate tools to ad-
dress extracelluar and disaccharide-specific sensing
mechanism in plants per se.

Non-metabolizable Suc derivatives were shown to
activate different signal transduction pathways than
metabolizable sugars, thus demonstrating the com-
plexity of carbohydrate-mediated regulatory mecha-
nisms. Distinct sugar-sensing mechanisms and par-
allel signal transduction pathways may be a central
part of a complex regulatory network of higher
plants to integrate metabolism with development
and defense responses.

MATERIALS AND METHODS

Growth of Suspension Culture Cells

Photo-autotrophic suspension cell culture cells of tomato
(Lycopersicon peruvianum) were established by Beimen et al.
(1992) These cell cultures are being subcultured every 2
weeks in Murashige and Skoog medium and are incubated
shaking under continuous light conditions with an atmo-
sphere containing 2% (w/v) CO2.

Preparation of an Elicitor from
Fusarium oxysporum lycopersici

The pathogenic fungus F. oxysporum lycopersici Schlecht.
Fr. f. sp. lycopersici (Sacc.) was obtained from the Centraal-
bureau voor Schimmelcultures (Baarn, The Netherlands).
The fungus was cultured in a medium containing 50 g
L�1Glc, 8 g L�1casamino acids, 0.5 g L�1yeast (Saccharomy-
ces cerevisiae) extract, 0.2 g L�1MgSO4and FeSO4 each, 20
mg L�1CaCl2, and 1.5 mg L�1MnSO4 and Na2MoO4 each in
25 mm potassium phosphate at pH 7.5. After 4 d of shaking
at 28°C, the culture was autoclaved, dialyzed against wa-
ter, and lyophilized. For the induction of stress response,
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150 mg L�1of the dried hyphae was added to a tomato cell
suspension culture.

Extraction of mRNA and RNA Gel-Blot Analysis

For the isolation of RNA, cells were harvested by cen-
trifugation, snap frozen in liquid nitrogen, and ground in
the presence of liquid nitrogen. Total RNA was isolated
according to the methods of Chomczynski and Sacchi
(1987). Northern-blot analysis was carried out as described
previously (Godt and Roitsch, 1997).

Determination of Sugars

The concentrations of Glc were determined by a com-
mercially available test system (GOD test, Roche, Mann-
heim, Germany). For the determination of Suc concentra-
tions, the Suc present in the samples were hydrolyzed by
100 units of yeast invertase (Grade VII, Sigma, St. Louis)
incubated at 30°C for 1 h. Glc concentration was deter-
mined before and after hydrolysis by invertase and the
difference between these values was taken as the actual
amount of Suc in the sample. The supernatant of Suc
treated cells were used to estimate the build up of hexoses,
Glc, and Fru. Glc was estimated by the GOD test, whereas
Fru was estimated as described by Bernt and Bergmeyer
(1970). Turanose and palatinose concentrations were deter-
mined according to Dubois et al. (1956).

In-Gel Kinase Assay for MAPK

The enzyme was extracted from the ground tissue in an
extraction buffer consisting of 100 mm HEPES, pH 7.5; 5 mm
EDTA; 5 mm EGTA; 10 mm dithiothreitol; 10 mm Na3VO4;
10 mm NaF; 50 mm glycerophosphate; 0.1 mm phenylmeth-
ylsulphonyl fluoride; 1 mm bezamidine; and 0.1 �g mL�1

antipain. The crude extract was centrifuged at 4°C at
20,000rpm for 10 min and an aliquot of supernatant equiv-
alent to 40 �g of protein analyzed by Bradford assay (Brad-
ford, 1976) was used for in-gel kinase assay. Polyacralymide
gel (10% [w/v]) embedded with 0.3 mg mL�1 of MBP (Up-
state Biotechnology, Lake Placid, NY) as substrate was used
for the kinase assay. For control, MBP was substituted with
histone or casein. After electrophoresis, proteins were rena-
tured and assayed for kinase assay as described by Zhang
and Klessig (1997). Activity were visualized by autoradiog-
raphy and phosphor imager (Cyclone Phosphor Storage Sys-
tems, Perkin Elmer, Madison, WI).

Measurement of Rate of Oxygen Evolution

Rate of oxygen evolution of the cell cultures were mea-
sured using a liquid phase oxygen electrode (Frank Bros
Ltd., Cambridge, UK) in the presence of saturating light
provided by a halogen lamp projector. The cells in the
sample cuvette were first allowed to respire for 1 min in the
dark and then exposed to light for the measurement of
oxygen evolution. Equal volumes of cells were used each
time and immediately after the measurements, the cells

were taken out to determine the fresh weight. The rate of
oxygen evolution was calculated on the basis of fresh
weight and represented as relative units.

Chlorophyll Fluorescence Measurements

Modulated chlorophyll fluorescences of the tomato cell
suspension culture were measured using a PAM 2000 chlo-
rophyll fluorometer (Heinz Walz, Effeltrich, Germany).
Maximum PSII quantum yield of a dark-adapted sample
(Fv/Fm) and effective PSII quantum yield of illuminated
sample (Y; for nomenclature, see van Kooten and Snel,
1990) were measured on cells dark adapted for 15 min as
described by Schreiber et al. (1986). The preprogrammed
protocol (Standard Run 3) was used for the determination
of Fv/Fm and Y in a special cuvette designed for the pur-
pose. The steady-state values obtained at the end of Run 3
were reported as the values of Y.

Synthesis of 1-Deoxy-1-Fluoro-Fru

1-Deoxy-1-fluoro-d-Fru was obtained by the reaction
described by Card and Hitz (1984). In brief, the readily
available 2,3:4,5-di-o-isopropylidene-d-fructopyranose was
converted into the trifylate by the procedure described by
Binkley et al. (1980). Trifylate was fluorinated by Tris
(dimethylamino)sulfur (trimethylsilyl)difluoride (Sigma-
Aldrich, Saint-Quentin-Fallavier, France) in refluxing tet-
rahydrofuran. After removal of the isopropylidene protec-
tion groups, 1-deoxy-1-fluoro-d-Fru was obtained as a
syrup in 75% yield. The synthesis of 1�-deoxy-1�-fluoro-Suc
was carried out by the repetitive batch technique (Kragl et
al., 1993). The reaction mixture (100 mL) containing 0.96
mmol 1-deoxy-1-fluoro-Fru (176 mg) and 1 mmol UDP-�-
d-Glc (Sigma, Deisenhofen, Germany) in 200 mm HEPES
buffer, pH 8.0, was gently stirred at 30°C after the addition
of 40 units of recombinant SuSy 1 from potato (Solanum
tuberosum; Zervosen et al., 1998; Zervosen and Elling, 1999),
and 200 units of alkaline phosphatase (Roche Diagnostics).
The course of reaction was controlled by HPLC analysis of
the product with an Aminex HPX-87C column (300 � 7, 8
mm, Bio-Rad, Munich) by elution with distilled water at
85°C. After 48 h, the enzymes were recovered by ultrafil-
tration and used in a second and third batch, respectively,
by the addition of new substrates.

The yield of the combined product solutions was 2.9
mmol (100%) for 1�-deoxy-1�-fluoro-Suc. For isolation, the
product solution was adjusted to pH 8.6 and loaded onto
an anion exchanger column (HCOO� form) filled with AG
1-X8 resin (100–200 mesh, 122-mL bed volume, Bio-Rad),
which was equilibrated with distilled water. Elution with
distilled water (linear flow rate: 56.5 cm h�1) gave a prod-
uct pool, which was concentrated by in vacuoevaporation
to a final volume of 5 mL. The disaccharide was further
purified by chromatography on an AG 50W-X8 resin col-
umn (200–400 mesh, Ca2� form, 1,532-mL bed volume,
Bio-Rad). Elution with distilled water (linear flow rate: 3
cm h�1) gave the fractions containing the disaccharide,
which were pooled and lyophilized. The dry product was
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dissolved in 10 mL of absolute methanol and crystallized at
25°C. 1�-deoxy-1�-fluoro-Suc was obtained in an overall
yield of 85% corresponding to 2.5 mmol (860.5 mg) with an
HPLC purity of 89%. NMR spectroscopy (11.7 Tesla) of
1�-deoxy-1�-fluoro-Suc revealed the typical couplings be-
tween 19F and 1H or 13C: 1H-NMR(D2O): H1��� 3a.39 ppm,
m, J1H-19F: 46.6 Hz, J1H-1H: 10.4 Hz; 19F-NMR(D2O): �CFCl3:
�229.4 ppm, m, J19F-1H: 46.6Hz.; 13C-NMR(D2O): C1��:80.7
ppm, d, J13C-19F: 174.2Hz; C2��:101.8 ppm, d, J13C-19F:
19.6Hz.
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